Background: Changes in the arterial partial pressure of CO 2 (PaCO 2 ) has a direct though transient effect on the cerebral vasculature and cerebral circulation. Decreased PaCO 2 levels lead to vasoconstriction and can result in dangerously low levels of cerebral perfusion that resolve in 4-6 h. It is currently believed that perfusion abnormalities contribute to intraventricular hemorrhage (IVH) and periventricular leukomalacia (PVL) in the neonate. PaCO 2 -induced vasoconstriction may contribute to the pathology of IVH and PVL. Methods: Near-infrared spectroscopy [NIRS; (INVOS cerebral/somatic oximeter; Somanetics Corporation, Troy, MI, USA)] was utilized to determine changes in regional oxygenation (rSO 2 ) of the brain in response to changes in ventilation in isoflurane anesthetized newborn piglets. Results: Changes in cerebral rSO 2 correlated significantly with end-tidal CO 2 levels and to blood flow in the common carotid artery. This correlation was significant during baseline conditions, after periods of CO 2 loading and during periods of hypothermia.
INTRODUCTION
PaCO 2 is an important regulator of the cerebral circulation independent of autoregulation [17, 25] and has been shown to result in changes in the peak blood flow velocity in the middle cerebral artery. [15] Relative change in cerebral blood flow during alterations of PaCO 2 depends on several factors, including baseline blood flow, cerebral perfusion pressure, and use of anesthetic drugs. The vascular response to CO 2 is thought to be due to changes in intracellular pH that is attenuated as intracellular buffers return the pH to normal after several hours. [12, 22, 23] The return to eucapnic levels following hypocapnia has been associated with a significant overshoot of cerebral blood flow (CBF). [22] The manipulation of PaCO 2 is commonly used in the operating room and the intensive care unit to manage CBF. Hypocapnia is used to treat increased intracranial pressure, inducing vasoconstriction and reducing CBF, while both hypocapnia and hypercapnia have been used to treat cerebral ischemia. [7] High-frequency ventilation (HFV) and continuous positive airway pressure (CPAP) are used in premature neonates to keep immature lungs open and promote normal gas exchange. HFV is often used as a therapy in cardiopulmonary care of the neonates as well, especially for persistent pulmonary hypertension. The use of HFV and CPAP has improved the survival rate of premature infants but can lead to rapid loss of CO 2 and hypocapnia [18] if not closely monitored. While assisted ventilation promotes an adequate O 2 uptake, it has the potential to negatively impact cerebral and peripheral O 2 delivery by altering PaCO 2 and cardiac output. The use of pulse oximetry and blood gas analysis provides information on the effectiveness of ventilation but not of the downstream physiologic responses to changes in PaCO 2 and cardiac output.
The impact of HFV and CPAP on blood flow to the brain in neonates is not currently established in premature infants but both can cause rapid and extreme changes in CO 2 levels resulting in changes in CBF that can go undetected. Acute hypocapnia induces the constriction of cerebral blood vessels reducing cerebral blood flow and it has been suggested that prolonged deep hypocapnia is one of the risk factors for periventricular leukomalacia (PVL) in neonates. [19, 3] In addition, Erickson et al. have demonstrated an association between hypocapnia and the risk of severe intraventricular hemorrhage (IVH) and PVL. [10] To gain a better understanding of the specific CO 2 -induced changes in the brain, the present study utilized NIRS to determine oxygen delivery to the brain during periods of the changing ventilation rate. NIRS has been used extensively over the past decade during cardiac and vascular surgeries to monitor oxygen delivery to the brain and spine in adults, children, and infants. [5, 8, 9, 11, 20, 26] The use of NIR light (700-1000 nm wavelength) for in vivo analysis of hemoglobin saturation is based on the fact that very few substances in tissue absorb NIR wavelengths. NIRS is the basis of pulse oximetry for the estimation of arterial hemoglobin saturation and in cerebral oximetry to measure regional hemoglobin saturation in the capillary beds, reflecting venous saturation. The use of NIRS for monitoring brain O 2 delivery is based on the observation that internal jugular vein hemoglobin saturation (SijvO 2 ) reflects global cerebral perfusion. A high correlation of SijvO 2 with rSO 2 has been reported in studies in adults, children, and infants [1, 16, 21] and also in animal studies. [4] The current study utilized the INVOS system (Somanetics Corporation, Troy, MI, USA) to determine the effects of ventilatory changes on regional saturation of the brain.
This report discusses the response of common carotid (CC) flow and regional oxygen saturation of the cerebral tissue in response to changes in end-tidal CO 2 (etCO 2 ) caused by the ventilatory rate change in a neonatal piglet model. The effects of CO 2 loading and hypothermia on the animal's ability to respond to etCO 2 changes were also investigated.
MATERIALS AND METHODS

Guidelines for animal research
The procedures used in this study are in agreement with the guidelines of the Providence Hospital Institutional Animal Care and Use Committee (IACUC 
Surgical preparation
Neonatal Yorkshire Duroc piglets of 10 ± 3 days (range = 6-14) of age weighing 2.4 ± 0.6 kg (range = 1.9-2.9 kg) were preanesthetized with an intramuscular injection of ketamine (33 mg/kg) and atropine (0.05 mg/kg). After intubation, the piglets received 1.5-3.0% isofluorane anesthesia while being mechanically ventilated (Draeger Medical Apollo Anesthesia Machine; Draeger, Germany). Arterial O 2 saturation (SpO 2 ) and partial pressure of carbon dioxide (PaCO 2 ) were maintained by appropriate ventilatory adjustments in the 95-99% and 35-45 mmHg range, respectively. A warming mat and hot-air fan were used to maintain the core body temperature at 38 ± 0.5°C. Animals received intravenous (IV) heparin (200 units/kg/h), and an IV maintenance solution of physiologic saline (10 mL/kg/h) throughout the experiment. Serum glucose, lactate, base excess, and electrolyte levels were monitored closely and maintained in the normal range using 10 g/dL of dextrose-water (D 10 W), sodium bicarbonate, potassium chloride, and lactated Ringer's solution as needed. The left femoral vein and artery were cannulated for IV fluid administration, arterial blood pressure measurements, and blood sampling, respectively. Catheters were flushed with heparinized saline and secured with ligatures.
Arterial blood pressure, heart rate, SpO 2 , and body temperature were continuously monitored by the DatexOhmeda monitor (GE Healthcare, Milwaukee, WI, USA). etCO 2 , fraction of inspired oxygen (fiO 2 ), and pulmonary compliance were also continuously monitored (Draeger Medical Apollo Anesthesia Machine; Draeger). The common carotid artery (CCA) was also isolated and instrumented for continuous blood flow measurements using a T400 series ultrasonic flow-meter (Transonic Systems Inc., Ithaca, NY, USA [13] is used to correct for the signal from the shallow tissues, and rSO 2 is displayed as follows: ratio of oxyhemoglobin to total hemoglobin × 100, expressed as percent rSO 2 . Data are collected continuously and averaged at time intervals of 5 s.
Regions of the skin where the INVOS sensors were placed were cleaned with warm soap and water, and hair was removed by shaving and the application of a depilatory. The sensors were placed on the head, the dorsal region of the abdomen over the right kidney, on the abdomen lateral to the umbilicus, and on the right leg over the gluteus muscle to continuously measure regional CrSO 2 , KrSO 2 , GrSO 2 , and MrSO 2 , respectively. All the data acquired by the Datex-Ohmeda monitor, Apollo Anesthesia Machine, the INVOS, and CCA blood flow were collected in real time at a sampling rate of 12, 46, 9-10, and 240 samples/min, respectively, and stored on a personal computer for offline analysis (the RugLoop program; Dmed, Temse, Belgium).
Serum electrolytes and glucose levels and hemoglobin concentration were checked at the start of the experiment and every 30 min while serum lactate levels, and arterial blood gasses (ABG) were measured 15 min after each ventilation rate change by iSTAT (Abbott Point of Care Inc. Princeton, NJ, USA). The hemoglobin concentration was also determined by co-oximetry (Instrumentation Laboratory, Lexington, MA, USA).
Experimental protocols Hypocapnia during normothermic conditions
The changes in BP, HR, CCA blood flow, and cerebral, renal, intestinal, and muscle rSO 2 in response to changes in the ventilation rate were followed in normotensive anesthetized neonatal piglets [ Figure 1 ]. In addition, serum electrolytes, glucose and lactate levels, and hemoglobin concentration were measured every 30 min. Blood gasses were obtained at the end of every ventilatory period. Following the stabilization period, the baseline measurements were recorded followed by the initiation of changes in the ventilation rate. Throughout the experiment, the SpO 2 and tidal volume were maintained by modifying the fiO 2 and ventilatory pressure, respectively.
Hypercapnia and hypocapnia during normothermic conditions
Animals were allowed to stabilize with ventilation settings to produce an etCO 2 Throughout the experiment, the SpO 2 and tidal volume were maintained by modifying the fiO 2 and ventilatory pressure, respectively.
Capnia changes during hypothermia
The animals' body temperature was allowed to decrease passively to 32-33°C. Briefly, the heating pad was turned off and the hot-air fan was turned to air only. All blankets were removed from the animal and the body temperature was allowed to decrease. After the animal's core body temperature reached 32-33°C, it was allowed to stabilize with ventilation settings to produce an etCO 2 of 25-30 mmHg. The ventilation settings required to achieve the above-said etCO 2 were as follows: Pinsp = 20, Freq = 30, Tinsp = 0.4, PEEP = 3. Once stable values were achieved, the frequency was decreased by increments of 10 until a value of 10 was reached with 15 min between each change. Following the period of hypercapnia, hypocapnia was induced by increasing the frequency of ventilation. The frequency was increased in increments of 10 to a maximum of 80 with 15-min periods between each change with the exception of rates from 50 to 80 where there were 5 min between each change. Throughout the experiment, the SpO 2 and tidal volume were maintained by modifying the fiO 2 and ventilatory pressure, respectively.
Serum electrolytes, glucose and lactate levels, and hemoglobin concentration were measured every 30 min. Blood gasses were obtained at the end of every ventilatory period.
Hypothermic stability studies
Four piglets were anesthetized, ventilated, and instrumented as previously described. The animals were allowed to cool to reach a body temperature of 33°C. To achieve cooling, after surgical preparation and instrumentation, the heating pad was turned off and the hot-air fan was turned to air only. All blankets were removed from the animal and the body temperature was allowed to decrease. After reaching a cooled temperature, the animals were monitored for 4 h to document the cardiovascular stability of the preparation.
Equipment and materials
The INVOS 5100C and pediatric soma-sensors were provided by Somanetics Corporation. Electrolyte and arterial blood gas cartridges for the iSTAT were purchased from Abaxis (Union City, CA, USA). All drugs and solutions used were obtained through the veterinary facility at Providence Hospital.
Statistical analysis
Data from the RugLoop program were saved in Excel workbooks. To analyze the effects of etCO 2 changes, etCO 2 , and cerebral rSO 2 , the mean values of all parameters monitored were calculated for every 1-min block of data collection and the last 5 min of each ventilatory block. We used the mean values of the last 5 min of each ventilatory block as we assumed that this period represented the equilibrium of the effects at each ventilation rate most accurately. The Spearman correlation coefficient was used to prove correlations between CC flow, etCO 2 , and CrSO 2 . ANOVAs were done using SPSS 19 to determine significant differences in CrSO 2 , etCO 2 , and CC flow due to changes in the respiratory rate within a group. Additionally, Student's t-tests were done using SPSS 19 to determine significant differences between experimental and control groups. Figure 2 shows the effects of changes in the ventilation on etCO 2 , cerebral regional oxygen saturation, and CC blood flow. As seen in panels A and B of Figure 2 , CrSO 2 and CC flow tracked etCO 2 throughout the experiment.
RESULTS
CrSO 2 and common carotid flow responses to changes in ventilation
Hypercapnia during normothermic conditions
To determine the effects of hypercapnia on CrSO 2 and CCA flow, the ventilation rate was decreased to increase the etCO 2 . Cerebral regional oxygen saturation, etCO 2 , and CC flow significantly increased with the decreasing ventilatory rate (P < 0.001; Figure 3A -C).
The correlations between the cerebral rSO 2 , the CC flow, and etCO 2 were determined. As seen in Figure 3D -F, there was a significant correlation between the change in CrSO 2 and etCO 2 (r 2 = 0.996; P < 0.001), the change in CC flow and etCO2 (r 2 = 0.9652; P<0.001), and CrSO2 and CC flow (r 2 = 0.971; P < 0.001).
Hypocapnia during normothermic conditions
To determine the effects of hypocapnia on the cerebral vascular response, the ventilation rate was increased to decrease etCO 2 . There was a significant decrease in cerebral regional oxygen saturation, CC flow, and etCO2 with increasing ventilation rates (P < 0.001; Figure  4A -C). Figure 4D -F depicts the correlation between CrSO 2 and etCO 2 , CC flow and etCO 2 , and also CrSO 2 and CC flow, respectively. etCO 2 correlated with CrSO 2 ( Figure 4 , Panel D; r = 0.75, r 2 = 0.57, P < 0.0001) and CC flow ( Figure 4 , Panel E; r = 0.71, r 2 = 0.51, P < 0.0001). No changes in regional saturation of the kidney, gut, or muscle were observed during the manipulation of CO 2 levels (data not shown). CrSO 2 also correlated significantly with the CC flow ( Figure 4 , Panel F; r = 0.85, r 2 = 0.73, P < 0.0001).
Effects of CO 2 loading on hypocapnic response
Naïve animals responded to hyperventilation with a significant decrease in CrSO 2 and CC flow that tracked the decrease in etCO 2 . A separate group of animals was run to determine the effects of hyperventilation in the presence of high PaCO 2 levels. As seen before, there was a significant decrease in cerebral regional oxygen saturation, CC flow, and etCO 2 with increasing ventilation rates (P < 0.001; Figure 5A -C). The magnitude of the response was muted in the animals that had high PaCO 2 (P < 0.001). The decrease in etCO 2 correlated with both the decrease in CrSO 2 ( Figure 5 , Panel D; r = 0.84, r 2 = 0.70, P < 0.0001) and decrease in the CC flow ( Figure 5 , Panel E; r = 0.53, r 2 = 0.28, P < 0.001). Cerebral oxygen saturation correlated significantly with the CC flow ( Figure 5 , Panel F; r = 0.74, r 2 = 0.55, P < 0.0001).
Hypercapnia during hypothermic conditions
To determine the effects of hypothermia on hypercapnia, the piglet was cooled to 33°C and the hypercapnia experiment was repeated. Under cooled conditions, the pattern of changes in the response to etCO 2 were similar to those in the normothermic animals; however, the magnitude of the change was 
Hypothermic stability studies
Four animals were allowed to cool to a body temperature of 33°C and were monitored for 4 h. As expected, animals with a low body temperature had a lower heart rate than normothermic animals. All other parameters were similar to animals with normal core body temperatures. All parameters (CrSO 2 , MrSO 2 , KrSO 2 , GrSO 2 , HR, MBP, and CC flow) were stable throughout the 4-h time period (data not shown). 
DISCUSSION
Perfusion problems are common challenges in neonatal intensive care. PVL and IVH have both been associated with changes in cerebral perfusion. [10, 14, 24] PVL is characterized by the destruction of the white matter surrounding the ventricles which is thought to be caused by a lack of oxygen or blood flow to the periventricular area resulting in cell death and loss of function. Infants with PVL are at risk for motor disorders, delayed mental development, coordination problems, and vision and hearing problems. PVL is also associated with an increased risk for hemorrhage in the periventricular intraventricular area which can lead to cerebral palsy. [2, 6] IVH involves hemorrhage of vessels in the germinal matrix that are fragile and rupture easily. Infants with respiratory problems are more likely to develop IVH and as with PVL, there is no real treatment for IVH. The first symptoms of either PVL or IVH occur after the damaging event has happened, forcing physicians to treat the symptoms rather than prevent the problem. We believe that the INVOS system can be an early indication of perfusion problems in the brain and may allow physicians to correct low perfusion before the tissue has become damaged.
Infants born at less than 30 weeks of gestational age have underdeveloped lungs and may require treatment surfactant therapy with conventional mechanical ventilation or high-frequency ventilation. Changes in the ventilatory rate or lung compliance have the possibility of rapidly altering the level of arterial CO 2 . The autoregulation of flow is not consistent in the neonatal brain and CO 2 can cause the dilation or constriction of cerebral vessels by acting on the vessels directly, thereby avoiding the protective effects of autoregulation. [17] Currently, blood gasses are the best way to determine how ventilation is affecting the levels of CO 2 . However, blood gas determination is infrequent and may contribute to anemia in the preterm infant. The present study determined the ability to use the INVOS cerebral-somatic oximeter (Somanetics Corporation) to track the level of cerebral oxygenation during changes in ventilatory management in an anesthetized newborn piglet model. INVOS noninvasively measures the regional hemoglobin oxygen saturation in tissue beneath the probe and is venous weighted. rSO 2 is responsive to all the physiologic factors that influence oxygen availability in the brain such as vascular anatomical variability, hemoglobin dissociation, cardiac output, dyshemoglobinemias, blood pH, vascular permeability, vasoactive drugs, and metabolic demand, resulting in an arteriovenous (AV) difference. Independent of the cause, however, inappropriate cerebral O 2 levels can result in neuronal damage producing neurocognitive or sensory/motor deficits, or retinal detachment in neonates. The regional oxygen saturation of the brain, or any tissue, is dependent on several factors including blood flow to the tissue, blood pressure, CO 2 levels, fiO2, and metabolic demand. This study demonstrates the utility of the INVOS system for tracking the effects of CO 2 changes on blood flow and oxygen delivery to the brain. This study found a statistically significant correlation between etCO 2 and cerebral rSO 2 (CrSO 2 ; Figure 4 , Panel D; r = 0.75, r 2 = 0.57, P < 0.0001). Clinically, etCO 2 does not always correlate with the arterial tension of CO 2 (PaCO 2 ) and cannot be used as an accurate representation of CO 2 levels in the patient. In our study, we have demonstrated that etCO 2 significantly correlates with our periodic blood gas readings of PaCO 2 (r = 0.72, r 2 = 0.51, P < 0.0001). We further demonstrated a significant correlation between etCO 2 and CC flow ( Figure 4 , Panel E; r = 0.71, r 2 = 0.51, P < 0.0001). Furthermore, the CCA flow significantly correlated with CrSO 2 ( Figure  4 , Panel F; r = 0.85, r 2 = 0.73, P < 0.0001). This correlation indicates that, in our study, when demand of the tissue, fiO 2 , and all other variables affecting CrSO 2 are held constant, then the increase or decrease in rSO 2 that we observe is a result of an increase or decrease in cerebral blood flow. Notably, we can visualize when the brain is reaching a dangerously low level of blood flow or oxygen saturation, thereby possibly preventing dangerous conditions as associated with IVH and PVL which are thought to be a result of ischemic or low-flow state in the brain.
We also investigated the cerebral response to changes in ventilation after CO loading, which may be seen with birth asphyxia, low respiratory rate, or apnea before the use of high-frequency ventilation. Figure 5 , Panels A-C, shows the response to hypocapnia following a hypercapnic period. When the animal was pretreated with high CO 2 levels, the response to hypocapnia was muted compared to hypocapnia alone. As seen before, our model demonstrated a strong correlation between etCO 2 and PaCO 2 following CO 2 loading (r = 0.87, r 2 = 0.76, P < 0.0001). The effects of increased CO 2 levels prior to hypocapnia were analyzed by determining the change in CrSO 2 and CC flow from baseline. Rather than absolute CrSO 2 and CC flow values, this analysis was used because the increased CO 2 levels had an effect on the baseline value. As before, there was a statistically significant correlation between etCO 2 and change in cerebral rSO 2 (CrSO 2 ; Figure 5 , Panel D; r = 0.84, r 2 = 0.70, P < 0.0001). We also demonstrated a significant correlation between etCO 2 and CC flow ( Figure 5 , Panel E; r = 0.53, r 2 = 0.28, P < 0.001) as well as between CC flow and CrSO 2 ( Figure 5 , Panel F; r = 0.74, r 2 = 0.55, P < 0.0001). Even in the presence of high blood levels of CO 2 , the change in cerebral rSO 2 values indicate a change in the cerebral blood flow.
The third set of experiments aimed to determine the effects of hypothermia on response to ventilation. Hypothermia is thought to protect tissue due to reduced demand at cool temperatures and is used frequently in the NICU after birth asphyxia. Hypothermia stunted the response to CO 2 changes as seen in both cerebral rSO 2 and CCA flow. Figure 6 , Panels A and C, demonstrates a reduced change in CrSO 2 and CC flow due to changes in rate of ventilation. The reduction in CrSO 2 was most likely due to the reduction in the CC flow. The oxygen demand of the cerebral tissue should decrease with cooling thereby increasing CrSO 2 levels, but the decrease in the flow may have been greater than the decrease in demand of the tissue. Although the response was diminished, the changes in CrSO 2 and CC flow still correlated significantly. As before, there was a statistically significant correlation between etCO 2 and cerebral rSO 2 (CrSO 2 ; Figure 6 , Panel D; r = 0.61, r 2 = 0.38, P < 0.001). We also demonstrated a significant correlation between etCO 2 and CC flow ( Figure 6 , Panel E; r = 0.61, r 2 = 0.37, P < 0.01) as well as between CC flow and CrSO2 ( Figure 6 , Panel F; r = 0.40, r 2 = 0.16, P < 0.05).
In conclusion, our study has demonstrated the utility of the INVOS system in the neonatal ICU during ventilatory manipulation. The use of INVOS allows physicians to visualize the amount of oxygenation in the brain during various manipulations in ventilation. Furthermore, it gives neonatologists the ability to ensure proper oxygenation of the brain and prevent periods of ischemia or severe hypoxia which may lead to conditions such as IVH and PVL.
